In order to investigate the influence of shot peening on the surface durability of case-hardened steel gears, the case-hardened steel gears shot-peened with different shot velocities and shot diameters were fatigue-tested using a power circulating type gear testing machine. The hardness, the compressive residual stress and the surface roughness of the gears were increased by shot peening. The cause of failure of all the test gears was pitting due to surface cracking. The surface durability of the gear shot-peened under medium condition in this experimental range was higher than that of the non-peened gear. On the other hand, that of lightly or strongly shot-peened gear was just as high. Judging from the p max -N curves and also the [A(σ y /H V )] max -N curves, it is denoted in this experimental range that the surface durability of case-hardened steel gears was influenced by the hardness and the surface roughness of the gears. Therefore, it is proposed in this experimental range that the medium shot peening condition, that is, 60m/s shot velocity and 0.6mm shot diameter, should be selected in order to improve the surface durability of case-hardened steel gears.
Introduction
In a lot of studies on shot peening reported worldwide, the most common subject as the purpose of shot peening is to increase fatigue strength (1) . Shot peening has a beneficial effect on the strength of machine elements, such as gears, spring, connecting rods, crank shafts, and so on. The use of shot peening has been established in the automotive industry and the aviation industry. Thus, there are a lot of studies on both shot peening and fatigue strength. However, it is difficult to easily explain the relationship between shot peening and the fatigue strength of gears, because the fatigue strength of gears means the strengths with bending fatigue and rolling fatigue. Therefore, it should still be useful to investigate the influence of shot peening on the fatigue strength of steel gears. In the previous papers (2) , (3) , we focused attention on spalling failure (2) due to subsurface cracks and pitting failure (3) due to surface cracks, respectively, and discussed the influence of shot peening on the surface durability of case-hardened steel rollers. As a result, it was clarified that strong shot peening, which increased the hardness and the compressive residual stress near the roller surface, was suitable for increasing in the spalling strength, on the other hand, light shot peening, which did not increase the surface roughness much, was suitable for increasing in pitting strength. In this report, the case-hardened steel gears shot-peened under different conditions were fatigue-tested, and these experimental results were discussed comparing with the results of the roller tests.
Gear Fatigue Test

Manufacture of Test Gear Pair
The specification of the test gear pair is shown in Table 1 . The test gear pair employed in this study was a spur gear pair made of chromium molybdenum steel (JIS : SCM415). The gear pair had involute profile teeth, a module of 5mm and a standard pressure angle of 20 deg.. The number of teeth on the test pinion and the mating gear was 20 and 21, and the facewidth of those was 5mm and 22mm, respectively. The center distance of this test gear pair was 102mm. The chromium molybdenum steel bar was machined into the test pinion and the mating gear using a hobbing machine. The tooth surfaces of those were finish-ground after case-hardening (Carbonizing: CO 2 1.2vol%, C.P. 0.6wt%, 1203K×5h, Quenching: 1103K×0.5h, Oil cooling, Tempering: 427K×1h, Air cooling). Here, the side faces of their teeth were not case-hardened by the stop-off coating for gas carburizing. Finally, the tooth surfaces of the test gear pair were shot-peened. The accuracy of the test pinion and the mating gear was second class in conformity to the Japanese Industrial Standards. The Young's modulus and the Poisson's ratio of the test gear pair are 206GPa and 0.3, respectively.
In this study, the test pinions and the mating gears were shot-peend at a rotational speed of 10rpm by a centrifugal peening unit (4) . The shot peening conditions and the surface roughness of the test pinions and the Table 2 . Specimen G represents the non-peened test pinion. In this study, the test pinions were shot-peened with a change in shot velocity and shot diameter, which are directly related to blasting energy. Test pinion GV60, which is a reference gear, was shot-peened with steel shots having a diameter of 0.6mm and a hardness of 620H V at a velocity of 60m/s for 200sec, that is, under 0.52mmA arc height. The other test pinions were marked by the shot peening conditions under a different shot velocity and shot diameter. Specimen MG represents the mating gear. The surface roughnesses of gears were measured at the working pitch point along the tooth profile direction. The surface roughness of test pinions increased as the shot peening became stronger, that is, the shot velocity and the shot diameter became larger. Figure 1 shows the relationships between the surface roughness and the arc height. The results of the plasma case-hardened sintered powder metal gears obtained in the past study (5) are also shown in this figure. As in the cases of the case-hardened steel rollers and the plasma case-hardened sintered powder metal rollers shown in the past papers (3) , (5) , it can be said from this figure that the shot peening has the lower impact on the surface roughness of case-hardened steel gears, compared with the case of sintered powder metal gears. Figure 2 shows the average hardness distributions of test pinions. The Vickers hardness was measured with a microhardness tester under a measuring load of 0.98N for 30sec. The average hardness distribution was obtained from five measured hardnesses at each depth below the tooth surface near working pitch point. As shown in this figure, the hardness near the tooth surface of the test pinions was increased by shot peening. The surface hardness of the mating gear was 821H V. . The effective case-hardened depths, where the hardness is 550H V , were 0.8mm to 1.0mm for the test pinions, and were about 1.0mm for the mating gears, respectively. The hardness near the root surface of the test pinions was also increased by shot peening.
Surface Properties of Test Pinions
The residual stresses on the tooth surface of gears are given in Table 3 . The residual stresses were measured at the working pitch point on the tooth surface as in the case of the (5) . It can be confirmed from this table that the compressive residual stresses on the tooth surface were increased by shot peening. Here, we focused on the residual stress (σ y ) r in the tooth profile direction, since the sliding-rolling contact moves in the tooth profile direction during the tooth meshing. The compressive residual stress (σ y ) r of test pinion GD0.2, which was shot-peened with steel shots having the smallest shot diameter in this experimental range, was the largest among test pinions GD0.2, GV60 and GD0.8 which were shot-peened under a different shot diameters. This tendency agreed with the result that the compressive residual stress on shot-peend surfaces becomes larger as the shot diameter becomes smaller (6) . Figure 3 shows the tooth surface of gears before the fatigue tests. In this figure, the roughness curves in the tooth profile direction of gears and also the spectral analysis results of their roughness curves are shown. Here, the maximum values of the power spectrum obtained from each roughness curve were normalized as 100 in this spectral analysis. The tooth surface photographs in this figure were taken by a stereomicroscope, using the replica method.
The grinding marks can be observed on the tooth surface of test pinion G. While, on that of the shot-peened pinions, it can be confirmed that the indentations due to steel shots appeared, and the grinding marks disappeared by shot peening. Especially, in the case of strongly shot-peened pinions GV90 and GD0.8 in this experimental range, the larger indentations due to steel shots appeared, and the amplitude of the roughness curves increased.
According to the spectral analysis results of the roughness curves, the power spectrum in the roughness curves of non-peened pinion G was larger than those of the shot-peened pinions in the range of 1/λ lager than 40mm -1 , that is, the range of the wavelength λ shorter than 0.025mm. For this reason, it can be said that the high-frequency component of the roughness curves was decreased by shot peening. As in the case of the case-hardened steel rollers in the past paper (3) , it can be considered that the shot diameter has a significant impact on the surface roughness in the case of case-hardened steel gears, because the power spectrum in the roughness curves of shot-peened pinion GD0.8, which was shot-peened with the largest shot diameter in this experimental range, was quite small in the range of the wavelength λ shorter than 0.025mm. The profile curve of the tooth surface has the waviness consistent with an involute curve. Thus, in this study, the spectral analysis was executed for the roughness curves after the roughness curves of tooth surfaces were extracted from the profile curves, cutting out the waviness of the involute curve. However, the high-frequency component of the roughness curves decreased relative to the increase of the low-frequency component, because the waviness of the involute curve could not be removed completely. For this reason, it can be considered that the differences in the power spectrums under each shot peening condition could not be clearly demonstrated.
The bearing area curves (7) obtained from the roughness curves of gears shown in Fig.3 are given in Fig.4 . The ordinate and the abscissa in Fig.4 represent the surface roughness R z and the proportional profile bearing, respectively. Additionally, the left and the right graphs in Fig.4 indicate the bearing area curves with different shot velocities and shot diameters, respectively. It can be confirmed from this figure that the shot diameter had a greater influence on the roughness profile of tooth surface in this experimental range, compared with the case of the shot velocity. It can be said that the shot peening had less influence on the surface roughness of mating gear MG in this experimental range, because the bearing area curve of mating gear MG was similar to that of non-peened pinion G.
Experimental Procedures
A power circulating type gear testing machine, that is, the FZG type gear testing machine shown in Fig.5 was employed in this study. The test pinions and the mating gears were used as the driven gears and the driving gears, respectively. The operating fatigue tests of the gears were performed at a test pinion rotational speed of 1800rpm. The center distance of this gear pair was 102mm, and the tangential velocity at the working pitch point on the tooth surfaces of the test pinion and the mating gear was 3.09m/s. In this test gear pair, the specific sliding on the tooth surface of the test pinion changed within the range of +87 percent to -442 percent during the tooth meshing, and the relative radius of the curvature changed within the range of 3.61mm to 8.39mm. By the way, the specific sliding on the roller surface of the test roller was -26.4 percent in the rolling contact fatigue tests of the case-hardened steel rollers in the past papers (2) , (3) . The maximum Hertzian stress p max (8) at working pitch point was adopted as the standard of the loading for the tooth meshing of the test gear pair. The load between the test pinion and the mating gear was given by a load lever and weights. The lubricating oil employed in the gear tests was EP gear oil. The flow rate of the supplied oil was about 750ml/min to the gear pair, and the oil temperature was adjusted to 313±4K. 
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Vol. 1, No. 4, 2007 In this study, the pitted area was measured on the tooth surface of a test gear pair at each arbitrary number N 1 of cycles of the test pinion, and consequently the percentage of the pitted area, which is the proportion of the pitted area to the total contact area of the test gear pair, was calculated. The fatigue life N of the test pinions was defined as the total number of cycles of those when the percentage of the pitted area in the test gear pair reached 5 percent. The fatigue life N of test pinions was also defined as the total number of cycles of those when the gear testing machine was automatically stopped by the vibration increase due to tooth breakage.
These gear tests were performed under the maximum Hertzian stress p max of 1600MPa to 2000MPa. In this experimental range, the minimum oil film thickness h min by D.Dowson (9) was in the range of 0.8µm to 1.8µm for the tooth meshing, and the D value defined by P.H.Dawson (10) was above 1 for the tooth meshing of all the test gear pairs. In the calculation of the minimum oil film thickness h min and the D value, the oil temperature between the operating surfaces was 313K, which was the temperature of the supplied oil in the gear tests. In the case of the case-hardened steel rollers employed in the past papers
, the minimum oil film thickness h min was in the range of 2.0µm to 2.3µm under the roller test conditions, which was the maximum Hertzian stress p max of 1500MPa to 2600MPa and the supplied oil temperature of 313K. Consequently, the minimum oil film thickness h min of the test gear pairs employed in this study was smaller than that of the test roller pairs employed in the past papers (2) , (3) . Figure 6 shows the relationships between the maximum Herztian stress p max and the number of cycles to failure N obtained by the operating fatigue tests of the gears. As described later, the cause of failure of the test pinions employed in this study was pitting due to surface cracking. The arrows in this figure indicate that the percentage of the pitted area in a test gear pair did not reach 5 percent or no fatal surface failure occurred on the tooth, when the number of cycles of the test pinion exceeded 2×10 7 cycles. Here, the mating gears employed in this study hardly failed. This is partly due to the fact that the surface hardness of mating gear MG was equal to that of strongly shot-peened pinion GD0.8, and the surface roughness of that was equal to that of lightly shot-peened pinion GD0.2, in addition, the number of teeth of that was larger than that of the test pinion. In this study, the surface durability of the test pinion was defined as the maximum Hertzian stress p max at 1×10 
Surface Durability and Cause of Failure
Relationship between Surface Durability and Shot Peening Condition
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Vol. 1, No. 4, 2007 pinion GV60 were increased by shot peening, and those of the shot-peened pinions except for test pinion GV60 were equal to those of non-peened pinion G. The change in the percentage of the pitted area of the test pinions tested under p max =1800MPa is shown in Fig.7 . In this study, the pitted area was measured since the number of cycles N 1 of the test pinion reached 5×10 5 cycles. While there is a difference in the percentage of the pitted area of each test pinion, the pitting on the tooth surface of most test pinions occurred at 5×10 5 cycles. In the early stage of the fatigue tests, the percentages of the pitted area of the shot-peened pinions were smaller than that of non-peened pinion G, and during the fatigue tests, the early stages of the increase in the percentage of the pitted area of the test pinions was slowed by shot peening. Especially, as shown in this figure, the early stage of the increase in the percentage of the pitted area of test pinion GV60 was the slowest under p max =1800MPa. Therefore, it can be considered that the shot peening inhibited the occurrence and the development of surface cracking on the tooth surface. In addition, it can be said that the fatigue lives of test pinion GV60 was especially improved, because the early stage of the increase in the percentage of the pitted area of test pinion GV60 was also slower than those of the other test pinions under the load conditions except for p max =1800MPa. Figure 8 shows the relationships between the surface durability of test pinions and the arc height for each test pinion. The plots designated by the double circle indicate the results of the case-hardened steel rollers, whose cause of failure was pitting, shown in the past paper (3) . The dashed-dotted line and the dashed line shown in this figure were the approximate curves for the plots of the shot-peened pinions in this study and the shot-peened rollers in the past paper (3) , respectively. In the case of the test rollers employed in the past paper (3) , the surface durabilities of the test rollers decreased due to the increase in the surface roughness, as the arc height became larger, that is, the shot peening became stronger. However, in the case of the test pinions employed in this study, the surface durability of test pinion GV60 was the largest, and those of the shot-peened pinions expect for test pinion GV60 were equal to that of non-peened pinion G. Generally, the surface durability becomes larger as the relative radius of curvature becomes smaller (11) . On the other hand, as shown in Fig.8 , the surface durabilities of the test pinions, with a relative radius of curvature at the working pitch point of 8.39mm, were lower than those of the test rollers employed in the past paper (3) , with a relative radius of curvature of 15mm. The reasons for this include that the difference between the hardnesses in the hardened layers of the gear and the roller, the influence of the dynamic load in tooth meshing, and the difference in the sliding-rolling contact conditions of the gear test and the roller test, that is, the specific sliding on the tooth surface of test pinion changed in tooth meshing and that on the roller surface of test roller was constant. Besides, the test rollers employed in the past paper (3) were chamfered and were case-hardened through the entire surface of the roller. While, the test pinions employed in this study were a sharp-edged shape and were not case-hardened for the side face of the tooth. In the case of the test roller and the test pinion shot-peened under the same condition, additionally, the surface roughnesses, the hardnesses and the residual stresses differed between the roller and the gear, because the dimensions and the shapes differed between those. As a result, it can be considered that the influence of the arc height on the surface Relationships between surface durability (p max at 1×10 7 cycles) and arc height durability differed between the roller and the gear. Figure 9 shows the appearances and the transverse sections of failed teeth. Photograph (C) in this figure shows the magnified transverse section at a single tooth contact on the dedendum flank. As shown in photograph (C), it can be confirmed that the crack, which occurred on the tooth surface, propagated below the surface in the rolling direction, and the cause of failure of this test pinion was pitting due to surface cracking. In this study, the pitting occurred at a single tooth contact on the dedendum flank, and finally it spread over the working pitch point and the addendum flank as shown in photographs (A) and (D). As mentioned above, the cause of failure of all the test pinions employed in this study was pitting due to the crack which originated on the tooth surface. In the case of some test pinions in this experimental range, the pitting increased in size locally near the working pitch point on a certain tooth, and then the crack, which originated at the pitting, reached the tooth root of the opposite flank, and finally the tooth breakage occurred as shown in photograph (B).
Cause of Failure
The replica observation on the tooth surface of test pinion GD0.8 tested under p max =1800MPa is shown in Fig.10 . It can be confirmed from this figure that the indentation due to shot peening could be observed on the tooth surface at N 1 =0, that is, before the fatigue test, and then the asperity on the shot-peened tooth surface became smoother because of the running-in effect at an early stage of the fatigue test. In addition, it can be also confirmed that the pitting, which occurred near working pitch point, spread over the whole dedendum flank during the fatigue test. The failure process of the other 
Sliding direction Rolling direction P 5mm
Tooth tip test pinions indicated qualitatively a similar tendency to the above failure process. Figure 11 shows that the change in the surface roughness R z in the tooth profile at the working pitch point of the gears during the fatigue tests. Mating gear MG shown in this figure was used as the mating gear for test pinion GV60. Because of the difference in the fatigue lives of the test pinions obtained in this experiment, the surface roughnesses R z were measured during the fatigue test under p max =1750MPa or 1850MPa, as shown in Fig.11 . The letter P in this figure indicates that the micro pit having less than about 0.1mm in diameter began to occur. Here, the surface roughness R z of test pinion GV90 was not measured during the fatigue test. The surface roughness R z at N 1 =0 became larger as the shot peening became stronger. However, it can be confirmed from this figure that the surface roughness R z of all the test pinions decreased at an early stage of the fatigue tests because of the running-in effect. This tendency agreed with the result that the surface roughness R z of the test rollers employed in the past paper (3) decreased due to the running-in effect. As for test pinions GD0.2 and GD0.8 tested under p max =1750MPa, there was a difference in the surface roughnesses R z between those pinions during the fatigue tests. In the case of test pinions G and GV60, they were tested under p max =1850MPa, the initial surface roughness R z of test pinion GV60 was larger than that of test pinion G, and then the surface roughness R z of test pinion GV60 became smaller during the fatigue test. For this reason, the micro pits tended to occur on the tooth surface of test pinion G as shown in Fig.7 , because the tooth surface of test pinion G was not shot-peened. As a result, it can be said that the surface roughness R z of test pinion G was larger than that of test pinion GV60 during the fatigue test.
Change in Surface Roughness during Fatigue Test
Evaluation of Surface Durability by Vickers Hardness and Normal Stress
Calculation of Ratio of Normal Stress to Vickers Hardness
As previously noted, the cause of failure of all the test pinions employed in this study was pitting due to surface cracking. Thus, as in the case of the case-hardened steel rollers, whose cause of failure was pitting, employed in the past paper (3) , tangential normal stress σ y was considered because it reached the maximum level on the tooth surface. In the calculation of this tangential normal stress on the contact surface, the x coordinate was taken in the tooth trace direction of the gear, y coordinate in the tooth profile direction of the gear and z coordinate in the normal direction to the tooth surface of the gear, and the stress components were defined on the tooth surface of the test pinion, as in the case of the past paper (5) . Tangential normal stress σ y at the working pitch point on the tooth surface of the test pinion was calculated under this coordinate system using the analytical method by J.O.Smith (12) .
Assuming that the contact surface at the working pitch point in the tooth meshing of the test pinion and the mating gear is the contact surface between the two cylinders, the stress distribution on the elastic contact surface is designated by the elliptical shape with the maximum stress located at the center of the elastic contact width 2c, given by the equation after Hertz (8) . Here, the half c of the elastic contact width was in the range of 0.237mm to 0.296mm, in this experimental range, that is, under the maximum Hertzian stress p max of 1600MPa to 2000MPa. In this contact stress analysis, the friction coefficient between the gear pair was considered to be 0.035 from the previous experimental result of the case-hardened steel roller pair (3) , because it was not measured in this study.
As in the case of the case-hardened steel rollers employed in the past paper (3) , the maximum amplitude [A(σ y / 3 H V )] max of the ratio of tangential normal stress σ y to Vickers hardness H V was calculated by neglecting the effect of mean stress on fatigue and by assuming that the material strength of the test pinions is proportional to their initial hardness. In the following section, the fatigue life and the fatigue strength of the test pinions were discussed by the maximum amplitude [A(σ y / 3 H V )] max (13) . For calculating this tangential normal stress σ y , the surface residual stress of the test pinions shown in Table 3 was considered. Figure 12 shows the relationships between the maximum amplitude [A(σ y / 3 H V )] max and the number of cycles to failure N regarding the test pinions. This figure is the [A(σ y / 3 H V )] max -N curves, where the maximum Herztian stress p max in the ordinates of Fig.6 were exchanged for the maximum amplitude [A(σ y / 3 H V )] max . Compared with Fig.6 , the plots of most shot-peened pinions shown in Fig.12 lay beneath those of non-peened pinion G, and the plots of the shot-peened pinions were away from those of non-peened pinion G. It can be said from this that the surface durability of test pinion GV60 was improved, because the hardness was increased by shot peening. It can be considered in Fig.12 that the influence of the surface roughness appears, since that of the hardness is eliminated. Therefore, the surface durability of strongly shot-peened pinions GV90 and GD0.8 in this experimental range was not improved, because the surface roughness was increased by strong shot peening, and the stress concentration occurred at the asperity on the shot-peened tooth surface.
Relationship between Amplitude of Ratio of Tangential Normal Stress to Vickers Hardness and Fatigue Life
On the other hand, in the case of lightly shot-peened pinions GV30 and GD0.2 in this experimental range, those plots lay close to the plots of test pinion GV60 as shown in Fig.12 . In other words, it can be said that the surface durabilities of test pinions GV30 and GD0.2 were not improved by the increase in the surface roughness, because the hardness was not much increased by shot peening. Figure 13 shorter due to the increase in surface roughness. Additionally, the plots of test pinion GV60 lay above those of the other ones. Thus, it can be considered that the tensile stress component of tangential normal stress σ y was reduced, since the compressive residual stress, which is one of the influencing factors other than hardness, increased. As described above, in this experimental range, it is proposed that the shot peening condition under 0.52mmA arc height, which increases hardness near tooth surface and does not cause much surface roughness, has to be selected in order to improve the surface durability of case-hardened steel gears.
Conclusion
In this study, the case-hardened steel gears shot-peened under different shot velocities and shot diameters were fatigue-tested, and the influence of shot peening on the surface durability of case-hardened steel gears was discussed. The following points can be concluded. 1. The surface roughness of the case-hardened steel gears became larger as the shot peening became stronger. Under the same shot peening condition, the surface roughness of the shot-peened case-hardened steel gears was smaller than that of the shot-peened plasma case-hardened sintered powder metal gears. 2. The surface durability of only test pinion GV60, which was shot-peened under medium shot velocity and shot diameter in this experimental range, was improved. On the other hand, the surface durabilities of the shot-peened pinions except for test pinion GV60 were nearly equal to that of non-peened pinion G. 3. The cause of failure of the test pinions employed in this study was pitting due to surface cracking. In the case of some test pinions, the tooth breakage occurred due to the pitting near the working pitch point. 4. Judging from the p max -N curves and also the [A(σ y / 3 H V )] max -N curves, the surface durability of test pinion GV60 was improved because of the increase of the hardness and the compressive residual stress by shot peening. While, the surface durabilities of the lightly or strongly shot-peened pinions were not improved, since the increase of the hardness was small due to light shot peening, and the surface roughness was especially increased by strong shot peening. 5. The increase of the surface roughness due to shot peening has less influence on the surface durability of the case-hardened steel gears, compared with the case of the case-hardened steel rollers which were occurred the pitting as the case of the gears.
